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INTRODUCTION:

Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder with an incidence of 1 in 3,000 people and is
characterized by numerous abnormalities that include benign neurofibromas, malignant peripheral tumors of the nerve
sheath, astrocytomas, bone deformities, and myeloid leukemias (Friedman, 1999). Some people with NF1 experience
greater intensities of painful sensations to different stimuli, such as minor injuries, than those without this genetic
disorder (Creange et al., 1999; Wolkenstein et al., 2001). NF1 is a consequence of a heterozygous mutation of the gene
that encodes the protein, neurofibromin (NF1+/-). Neurofibromin is richly expressed in the nervous system (Datson et
al., 1992) and promotes hydrolysis of Ras (Ras-GTP) to its inactive form (Ras-GDP) by serving as a GTPase activating
protein (GAP). Mutations of NF1 or the mouse ortholog Nfl, frequently result in enhanced basal and cytokine-
stimulated Ras activity in many cell types, including sensory neurons (Largaespada et al., 1995; Vogel et al., 1995; Zhang
et al., 1998; Lau et al., 2000). Increased Ras activity may influence protein expression levels. For example, expression of
a GAP-resistant Ras in AtT20 cells induced expression of a potassium channel that greatly shortened the duration of the
action potential and led to repetitive action potential firing (Hemmick et al., 1992). Similarly, Ras transformation of a
fibroblast cell line lead to the expression of a Ca*-dependent potassium current that was not detected in non-
transformed cells (Rane, 1991). These studies suggest that the heterozygous deletion of neurofibromin and altered Ras
signaling can play a critical role in regulating the expression of ion channels that set the level of neuronal excitability.

We reported previously that small diameter, capsaicin-sensitive sensory neurons isolated from Nf1+/- mice
exhibited augmented excitability (Wang et al., 2005) and that this enhanced excitability was likely the result of increased
sodium current densities (Wang et al., 2010). Voltage-dependent sodium currents are critical in producing the upstroke
of the action potential, which is the key component of neural communication. Molecularly, the alpha subunits of
mammalian sodium channels have been categorized into one family consisting of nine different subtypes (Nav1.1-
Nav1.9)(Goldin, 2001; Catterall et al., 2005). Pharmacologically, sodium channels have been classified according to their
sensitivity to the blocker tetrodotoxin (TTX) wherein the currents conducted by Nav1.1-1.4, 1.6, and 1.7 are completely
blocked whereas the currents carried by Navl.5, Nav1.8, and Navl1.9 are resistant or insensitive to inhibition by the
toxin. The TTX-sensitive sodium currents exhibit both rapid activation and inactivation properties whereas the TTX-
resistant subtypes activate and inactivate more slowly. The properties of these different subtypes of sodium channels
have been reviewed recently (Goldin, 2001; Catterall et al., 2005; Dib-Hajj et al., 2010). Associated with the alpha
subunits are the modulatory beta subunits, of which four different subtypes exist (B1-B4). The beta subunits modulate
the amplitude and kinetics of the currents conducted by the alpha subunits and also influence the trafficking and
expression of the alpha subunits (reviewed by Isom, 2001; Patino and Isom, 2010). To determine the possible
mechanisms giving rise to the augmented neuronal firing and sodium current density in Nf1+/- sensory neurons, the
relative expression levels of mRNA for the a subtypes and beta subunits of voltage-gated sodium channels were
determined in wildtype and Nfl+/- neurons of the dorsal root ganglion (DRG). Consistent with our physiological
observations, DRG obtained from Nf1+/- mice exhibited increased levels for some but not all a subunits while the beta
subunits were not altered.
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BODY:
Our previous studies indicated that sensory neurons isolated from Nf1+/- mice exhibited increased excitability that
resulted from elevated levels of voltage-dependent sodium currents (Wang et al., 2005; 2010). To determine if the

augmented sodium currents were a consequence of
) ) - Table 3. Cq values
increased expression of sodium channel mMRNA,
quantitative PCR was performed using DRG isolated from Gene Wildtype NF1+/—
W|Idty.pe and Nf1+/- m_me. The average Cq values obtained Navi 1 27 44-0.48 26.9540.10
for eight of the nine different voltage-dependent « Nav1.2 31.38=0.37 31.07+0.13
subunits and the four auxiliary B subunits are summarized Nav1.3 33.07=0.62 32.32+0.09
. - . . Nav1.5 31.71+0.45 31.24+0.20
in Table 3. The Cq values |n.d|cate that in wildtype mice Navi 6 7 54044 27 124026
Nav1.9 (23.63 + 0.34, n=5 mice) was the most abundant Navi.7 26.58+0.53 25.94+0.14
channel subtype with Nav1.7 (26.58 + 0.53, n=7 mice) and Nav1.8 26.30=043 25.63+0.19
B . . Navi.9 23.63+0.34 23.93+0.15
Navl.8 (26.30 + 0.43, n=7 mice) being the next most 81 24,37 20,26 o4 5540.15
abundant subtypes whereas Navl.3 was less abundant g2 28.37+0.34 28.24+0.17
(33.07 £ 0.62, n=7 mice). For the B subunits, B1 was by far B3 26.75=0.28 26.95+0.08
th t abundant subt d B2 the least abundant g4 26.48+0.33 26.34+0.24
e most abundant subtype an e least abundant. HPRT 2479029 24.66+0.20
The gene transcripts for Nav1.4 were not detected in the Arbp 21.36+0.12 21.31+0.19
DRG, consistent with previous observations that the Values of Nav1.1-1.8, HPRT, Arbp represent means=SEM n=7
expression of Nav1.4 is limited to skeletal muscle (Trimmer and 6 for wildtype and Nff+/—, respectively; for Nav1.9 n=5 of each
et al., 1989). The primers used in our study were capable [ 9enoWpe andfor B1-p4 n=4 of each genotype.

of detecting Nav1.4 in mRNA isolated from mouse skeletal
muscle (Cq = 26.25 + 0.05, data not shown).

To assess whether there were differences in the mRNA
levels for these sodium channels between the two
genotypes, the expression of sodium channel subtypes
was normalized to two reference genes, HPRT and Arbp.
The relative differences in channel expression were
determined by using a method described by Pfaffl (2001)
wherein the Cq values are corrected by accounting for
the efficiency of the PCR for both the targeted and
reference genes. The relative expression for the a
subunits of sodium channel subtypes determined in the
Nf1+/- mice compared to the wildtype is summarized in
Fig. 1A. An analysis using the REST protocol indicated
that Nav1.1 (1.67-fold), Nav1.3 (2.04-fold), Nav1.7 (1.87-
fold), and Nav1.8 (1.48-fold) were elevated significantly
(P<0.05) in the DRG isolated from Nf1+/- mice compared |
to the wildtype. The expression of Navl.2 (1.27-fold), B1 B2 83 B4
Nav1.5 (1.52-fold), Nav1.6 (1.42-fold), and Nav1.9 (0.65-
fold) were not significantly altered. In addition, as
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Fig. 1. mRNA expression of some sodium channel subtypes is ele-
vated in the DRG of Nf1+/— mice compared with wildtype mice. Panel

summarized in Fig. 1B, there were no significant (A) represents the relative expression levels for eight of the nine
diff in th lati . f bunit sodium channel subtypes relative to the reference genes HPRT and
ifferences in the relative expression of @ subunits. Arbp obtained with the REST analysis protocol. The expression of

These results demonstrate that the expression of some Nav1.1, Nav1.3, Nav1.7, and Nav1.8 were significantly increased

. - . . (P=0.05) in the Nf1+/—DRG compared with the wildtype DRG. Panel
sodium channel SUbtypeS is increased in Nf1+/' mice and (B) illustrates the relative expression levels for the auxiliary 3 subunits

therefore could account for the elevated excitability and relative to HPRT and Arbp. The asterisks indicate a statistical differ-

. . ence (P<=0.05) using the Relative Expression Software Tool (REST,
sodium current densities recorded from Nf1+/- neurons. zooglF ) using P ( '

This observation raises the question as to whether there are changes in the contribution of individual sodium channel
subtypes to the total mMRNA pool in these genotypes that could account for the elevated sodium current densities in the
Nf1+/- sensory neurons. The fractional contribution of each channel subtype to the total mMRNA copy number is
illustrated in Fig. 2. The results were obtained from four mice of each genotype wherein qPCR was performed for
Nav1.1-Nav1.9 and B1-B4. The copy number (Eff “%) for each channel was calculated and the total value was determined
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for each mouse. The average copy number for each channel subtype was determined for the four mice of each

genotype. The fractional contribution of each channel subtype was

then assessed by dividing the average copy number for each channel A.

by the average total. Overall, there was not a significant difference O Widtype .
between the genotypes in the fractional contribution of a particular - O N

channel subtype to the total sodium channel mRNA (Fig. 2A). = 0r 0.4

However, based on the average values, there is a trend towards E - o.;{ | H

higher fractional levels of Nav1.6, Navl.7, and Nav1.8 in the Nfl+/- ES 0.0

DRG compared to the wildtype. The largest contributors to the total 0 HH H

mRNA were the TTX-resistant sodium channels Nav1.9 (42.9 and oL [ HH

43.1% in the wildtype and Nf1+/- neurons, respectively) and Nav1.8 11 1.2 1.3 15 16 17 18 19
(16.0 and 21.3% in the wildtype and Nf1+/- neurons, respectively). Of Nav subtype

the TTX-sensitive sodium channels Nav1.6 (8.1 and 10.8% in the B.

wildtype and Nf1+/- neurons, respectively) and Nav1.7 (11.2 and 80 -

15.3% in the wildtype and Nfl+/- neurons, respectively) made the ]

largest contribution. Nav1.2, Navl.3, and Nav1.5 made only a small _ ) O widiyps
contribution (<1%) and are shown in the inset of Fig. 2A. Of the B g 0} O N

subunits, B1 comprised more than 60% of the total mRNA for these =

auxiliary subunits in both wildtype and NfI1+/- sensory neurons (see I H

Fig. 2B). There is a trend towards a higher fractional contribution of ol —m [

B1 in the Nf1+/- DRG (68.3%) compared to the wildtype DRG (62.3%) B1 B2 3 B4

and a lower fractional contribution of B4 in the Nfl+/- DRG (15.4%) B subunits

compared to the wildtype DRG (24.9%). Therefore, these results

demonstrate that despite an increase in the overall expression of EgéjioTt:eeftﬁ?fonq;quc:22“:3nuﬁrgr:nii\gggfégsdwj'182:1?:fﬁgi
Nav1.1, Nav1.3, Navl.7 and Nav1l.8, the patterns of predominance ;ﬁfwgsgtﬁ:?;'amfnl‘;\:}tgzgiﬁ;fﬂ:h";ﬁ;iggiig:ﬂﬁgrgfaﬁ;g;
remain similar between genotypes. This supports the change in to be a trend toward higher levels of Nav1.1, Navi.6, Navi.7, and
excitability that we have observed previously (Wang et al., 2005; Lﬁ‘f;haolrneffnrﬁflﬁéﬂﬁf{g'tmﬂaﬁE?])uﬂggrsotrhstc%%r\gin\tﬁt%eacﬁgn&
2010), but suggests that a change in the phenotype of the sensory owareless 4 In fhe NII=/=DRE

neuron, for example to a more TTX-sensitive form, does not occur.

The results reported here indicate that expression of the sodium channel subtypes Nav1.1, Nav1.3, Nav1.7, and Nav1.8
were elevated significantly in the DRG isolated from Nfl+/- mice compared to wildtype mice. Similar values for the
increases in these channel subtypes were observed using either reference gene, HPRT or Arbp, indicating the stability of
these genes for the normalization of channel expression. The elevated levels of sodium channel mRNA are consistent
with our previous reports that sensory neurons isolated from the DRG of Nf1+/- mice generated two-fold more action
potentials in response to the same level of current stimulation (Wang et al., 2005) and that the sodium current density
for both TTX-sensitive and TTX-resistant currents was significantly elevated in the Nf1+/- sensory neurons (Wang et al.,
2010). Furthermore, expression levels of the B subunits were measured as these subunits modulate the amplitude and
kinetics of the currents conducted by the a subunits and can also influence the trafficking and surface density of the a
subunits (reviewed by Isom, 2001; Patino and Isom, 2010). However, there were no differences in the expression levels
of the auxiliary B subunits between the two genotypes suggesting that altered 3 subunit expression does not contribute
to the increased sodium current densities in Nf1+/- sensory neurons.

The neurons of the DRG are a heterogeneous population and are activated by a variety of sensory modalities. The
reader is referred to the following reviews regarding expression, biophysical properties, and physiological impact of
voltage-dependent sodium channels (Black et al., 1996; Catterall et al., 2005; Rush et al., 2007; Cummins et al., 2007,
Fukuoka et al., 2008; Docherty and Farmer, 2009; Dib-Hajj et al., 2010). Generally speaking, these neurons are classified
into three groups based on cell body diameter and their corresponding conduction velocities (Harper and Lawson,
1985a/b; Lawson, 2002). Small diameter neurons (<25 um) give rise to unmyelinated C-fibers which have slow
conduction velocities (<1.4 m/s), medium diameter neurons (25-40 um) give rise to lightly myelinated Ad fibers having
faster conduction velocities (2-8 m/s), and large diameter (>40 um) give rise to more heavily myelinated Aa/p fibers that
have conduction velocities >14 m/s (Harper and Lawson, 1985a/b; Lawson, 2002). Previous studies (Black et al., 1996;
Cummins et al., 2007; Fukuoka et al., 2008; Docherty and Farmer, 2009; Dib-Hajj et al., 2010) have shown that sensory
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neurons in the rat DRG express the TTX-sensitive sodium channels Navl.1, Nav1.2, Navl.3, Navl.6, and Nav1.7 as well as
the TTX-resistant channels Nav1.5, Nav1.8, and Nav1l.9. Navl.1 and Navl.6 are preferentially expressed in large
diameter (>50 um) sensory neurons although these subtypes are expressed at low levels in small and medium diameter
sensory neurons. Nav1.2 and Navl.5 appear to be expressed at low levels in nociceptive small diameter (<25 um)
sensory neurons. The small diameter neurons are of particular interest as they are often the predominant cell type
involved in painful or nociceptive signaling. It is important to consider that some portion of the total expression for
individual sodium channel subtypes may be contributed from glia localized in DRG as previous studies have documented
expression of sodium channels in both astrocytes and microglia (Bevan et al., 1985; Waxman et al., 1993; Black et al.,
2009; 2010).

Our observations are consistent with recent reports examining the expression of sodium channel subtypes in rat sensory
neurons. Using mRNA isolated from rat L4/5 DRG, Berta et al. (2008) found that Navl.7 was the most abundant
transcript, Nav1.8 and Nav1.6 were about half the levels of Nav1.7 and Navl.1 was slightly less than Nav1.6. The levels
of Nav1.2, Nav1.3, and Nav1.9 were much lower and Nav1.5 was undetected. For the B subunits, 1 and 4 were about
equal while B3 and B2 were much less expressed. The expression profiles of Nav1.9 and the B subunits are different
than what we report in mouse sensory neurons, however, we obtained mRNA from L4/5 as well as more rostral DRG. In
sensory neurons isolated from the L4/5 DRG of adult rats and grown in culture for <30 hr, Nav1.7 exhibited the highest
level of expression with Nav1.8 and Navl.1 being the next most abundant, Nav1.2, Navl1.3, and Navl.6 were
substantially less (Wang et al., 2008). The level of Nav1.9 was quite low in the isolated neurons although Nav1.9 was
comparable to Nav1.8 in the intact whole DRG, which is in contrast to the findings reported by Berta et al. Nav1.4 and
Nav1.5 were not detected by these authors. In electrophysiologically characterized rat sensory neurons that underwent
single cell gPCR (Ho and O'Leary, 2011), Nav1.7, Nav1.8, and Nav1.9 were the most prominently expressed subtypes in
small diameter (<25 um) sensory neurons although Nav1.1, Navl.2, and Nav1.6 were detected at lower levels. In large
diameter (>30 um) neurons, Nav1.7 was the most abundant followed by Navl.6 and Nav1.1, with only low levels of
Navl.2 and Navl.9 detected. A surprisingly high expression of Nav1.8 was exhibited by a subpopulation of large
neurons. Nav1.5 was detected in approximately 14% of the neurons examined (Ho and O'Leary, 2011). In contrast to
findings obtained in rat DRG, we found that the fractional expression of Nav1.9 was the highest of all the a subunits in
the mouse DRG. Previous results indicated that Nav1.9 was expressed in only ~50% of rat unmyelinated C-fibers (Amaya
et al., 2000; Fukuoka et al., 2008). However, using the average number of mRNA copies measured in single sensory
neurons isolated from rat DRG as reported by Ho and O’Leary (2011), the fractional expression of Nav1.9 in small
diameter (<25 pm) neurons was ~35% of the total (n=70 neurons) whereas in the large diameter (>30 um) it was only
~5% (n=69 neurons) (O’Leary, personal comm.). In addition, in whole isolated rat ganglia, Nav1.9 comprised ~28 + 2% of
the total mRNA (n=4 ganglia) and is similar to our value for Nav1.9 making up ~40% of the total mRNA (O’Leary, personal
comm.). The exact origins for the differences reported in the literature are presently unknown. To our knowledge, our
study is the first to quantitatively determine the expression levels for Nav subunits in mouse DRG, hence one possibility
for the larger expression of Nav1l.9 mRNA is a species difference between rat and mouse. It is also possible that in the
mouse DRG there may be large amounts of Nav1.9 mRNA held in reserve for translational upon metabolic demands or
after neuronal injury. This is a subject for further investigation.

Navl.7 is the predominant TTX-sensitive sodium channel expressed in small diameter neurons where it may play an
important role in action potential firing The slowly developing inactivation properties of Navl.7 promote action
potential generation in response to slow depolarizing stimuli (Cummins et al., 1998). Therefore, it is likely that the near
2-fold increase in Nav1.7 expression seen in the Nf1+/- neurons would play a significant role in mediating the increased
sodium current density and increased excitability that we have observed in the Nf1+/- sensory neurons compared to
those from wildtype mice (Wang et al., 2005; 2010). Although Nav1.7 appears to be the highest expressed TTX-sensitive
o subunit based on mRNA levels in small diameter sensory neurons, the amplitude of compound action potentials
measured from sciatic C-fibers in Scn8med mice (Navl.6 knock-out) was diminished, suggesting that Nav1.6 does
contribute to action potential generation in these unmyelinated fibers (Black et al., 2002). Nav1.8 and Nav1.9 are the
predominant TTX-resistant channels in small diameter neurons wherein Nav1.8 is thought to contribute to setting the
firing threshold and regulating the upstroke of the action potential (Renganathan et al., 2001; Blair and Bean, 2002)
whereas Nav1.9 may give rise to a persistent sodium current that influences excitability as well as in setting the resting
membrane potential (Cummins et al., 1999; Herzog et al., 2001; Baker et al., 2003). However, at the normal resting
potential of sensory neurons (around -60 mV), Nav1.9 is 97% inactivated by ultra-slow inactivation such that this channel
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subtype may contribute little, if any, to the normal excitability of these neurons (Cummins et al., 1999). Of the TTX-
resistant channels in sensory neurons, expression of Nav1.8 was significantly elevated in the Nf1+/- DRG compared to
wildtype, suggesting that an increase in this channel is responsible for a component of the increased excitability of
Nf1+/- sensory neurons at resting membrane potentials. TTX-resistant subtypes have been detected in large diameter
neurons, however, the functional role of these channels in the physiological response of large diameter neurons is not
presently understood. Interestingly, Navl.3 is expressed in embryonic sensory neurons and then in adulthood this
subtype is greatly diminished (Waxman et al., 1994; Dib-Hajj et al., 1996; Felts et al., 1997). After nerve injury Nav1.3 is
re-expressed and may contribute to the increased excitability observed after injury (Cummins and Waxman, 1997;
Cummins et al.,, 2001). Based on this, it is possible that the enhanced excitability and TTX-sensitive sodium current
density observed in Nf1+/- sensory neurons could result from the increased expression of Nav1.3, however, this seems
unlikely because Nav1.3 makes up only a small fraction of the total complement of sodium channel (Fig. 2A). Whereas
the significant increases in the dominant channels, Nav1.7 and 1.8, are much more likely to be driving the changes in
sodium current densities and excitability observed in Nf1+/- sensory neurons. Since gain of function mutations or
increased expression of Nav1.7 or increased expression of Nav1.8 are associated with increased pain in humans (Jarecki
et al., 2008; 2010; Cregg et al., 2010; Dib-Hajj et al., 2010,), increases in the expression of these channels in those with
NF1 may play a role in the increased intensity of sensory symptoms experienced by some with this disorder. The causal
mechanisms that give rise to changes in sodium channel gene expression in the context of reduced neurofibromin and
the corresponding chronic enhancement of Ras activity are unexplored. Acute inhibition of Ras activation by the Ras
blocking antibody, Y13-259, did not restore the increased excitability of Nf1+/- sensory neurons (Duan et al., 2011) back
to levels observed in wildtype sensory neurons. This result indicates that it is the long-term reduction in neurofibromin,
through increased Ras signaling, that is responsible for the increased sodium channel expression and excitability in
Nf1+/- sensory neurons. As inhibition of Ras did recapitulate the lower levels of neuronal excitability observed in
wildtype neurons, this would suggest that acute post-translational modifications of Nav do not contribute to the
increased sodium current densities, however it is possible that other cellular mechanisms downstream of Ras may
regulate membrane currents. These potential mechanisms remain an area of active investigation. Although the origins
by which NF1 causes enhanced painful sensation have not been elucidated, it is likely that these abnormal painful states
involve the sensitization of small diameter nociceptive sensory neurons and may underlie the onset of enhanced painful
sensation in people with NF1.

In conclusion, in the DRG isolated from wildtype mice, the Nav1.9 subtype was the most abundant with Nav1.7 and
Nav1.8 being the next most abundant subtypes. For the auxiliary B subunits, B1 was by far the most abundant subtype.
The mRNA for the Ckubunits of the sodium channels Nav1.1, Nav1.3, Nav1.7, and Nav1.8 were significantly elevated in
DRG isolated from Nf1+/- mice. There were no significant changes in the relative expression levels of the auxiliary B
subunits. These results suggest that increased expression levels of Navl.7, Nav1.8, and perhaps Nav1.1 in the Nf1+/-
DRG make the largest contribution to the increased sodium current density and thus give rise to the enhanced
excitability.

Experimental Procedures

Animals

Mice heterozygous for the Nf1 mutation on a background of C57BL/6J were originally developed by Dr. Tyler Jacks (Jacks
et al., 1994). All animals were housed, bred, and had free access to food and water in the Indiana University Laboratory
Animal Research Center and were used in accordance with National Institute of Health Guide for Care and Use of
Laboratory Animals (National Institutes of Health Publications No. 80—23, revised 1996). All procedures were approved
by the Animal Use and Care Committee of the Indiana University School of Medicine.

Isolation of the dorsal root ganglia

The dorsal root ganglia (DRG) were isolated from young adult C57BL6J mice (2 to 3 months old). The wildtype and
Nf1+/- mice used in these studies were littermates. Briefly, mice were killed by placing them in a CO, chamber and the
spinal column was removed. Lumbar, cervical and thoracic DRG were collected and trimmed in cold, sterilized Puck’s
solution composed of (in mM): 171 NaCl, 6.7 KCI, 1.6 Na,PO,, 0.5 KH,PO,, 6 d-glucose, and 0.01% phenol red, pH 7.3.
The ganglia were then transferred to a conical tube and washed with sterilized PBS. Tissues were stored at -80° C and
used within two weeks.
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Real-Time quantitative PCR

Total RNA was extracted from DRG tissue using the RNeasy® Plus Minikit (Qiagen, Valencia, CA) and assessed on a
NanoDrop ND-1000 Spectrophotometer (Thermoscientific, Franklin, MA) for concentration (A,s) and purity by OD ratios
(As60/Az50, ranging between 2.0-2.2). Following treatment with DNase | (Invitrogen, Carlsbad, CA) to eliminate any
residual genomic DNA, 1 ug RNA was reversed transcribed using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) in
20 pl reactions according to the manufacturer’s instructions. To assess the specificity of these reactions, no reverse
transcriptase (RT) and no template controls were also generated. cDNA was stored at -20°C prior to PCR detection.
Reverse transcription products were diluted and amplified in 25 pul reactions using Power SYBR® Green PCR Master Mix
(Applied Biosystems, Carlsbad, CA) and 500 nM forward and reverse primers (Invitrogen). Sodium channel primers were
designed specifically against mouse transcripts using PrimerExpress® software v3.0 (Applied Biosystems) and were based
on a previous publication (Wang et al., 2008) describing PCR amplification of mRNA for voltage-dependent sodium
channels in rat DRG. Hypoxanthine-guanine phosphoribosyl transferase (HPRT) and acidic ribosomal protein PO (Arbp)
were selected as reference genes for normalization of the quantitative PCR (qPCR) results. The accession number(s),
amplicon size and position, and primer sequences for all genes targeted in this study are shown in Table 1. Primers were
initially tested in tissues known to express the targeted sodium channel subtype, for example Navl.4 was detected in

Table 1. Primer sequences

Gene Ancession no Prod (bp) Pos Seq (5'-F)
Navi. 1 NM_MB733.2 123 4465, 4587 ECATGTATGCTGCAGTTGATTCCA
rAACAGETTCAGGETAAAGAAGS
Navi.2 NM_001000208 2 82 20923073 GCCTTGCTCCTCAGTTCTTTCA
CEGCTATCTGRAGGTTGTTCA
Nav1.3 NM_ME732.3 95 53, 4247 GETGTGCCTCATCTTCTGGTTAA
TGCTGOCCGTTGTCATGTTA
Navi.4 NM_133180.2 o 301..484 CECECTETTCAGCATETT
CTCCACGTCCTTGEACCAAG
Navi.s NM_0215443 83 1142 1224 ACCTCAATGACCCAGCCAATTA
TGTCCCGEGCATCAGAGCT
Navl.g NM_001077489.1 115 ©101..6305 CETEGACACGGTTGCATCCT
NM_011323.2 ©130..8244 ACCEAGTGTGEAACATECAGTA
Navi7 NM_01B3522 106 4360. 4465 GCTTGGCCCCATTAAATCTCT

TGCTCCTATGAGTGCGTTGAC

Navi1.8 NM_0001342 81 1342 1422 TTGACACAACCTCGCTCTATTCC
ATITCACCCTGGGTCTTGTCTCA
Navi.9 NM_011287 a8 4372 4481 CTTCAGGATTGTCCGCTTGG
AGAGAGAGGGGAGAGACATCATCA
M NM_011322 &7 583. 640 CACTCTGGCGACTACGAATETC
TGGTGTTGTGCTCATAATTATCAA
g2 NM_001014761 132 200430 ACCTTCAACTCCTGCTACACCG
CCGCTCCAGCTTCAGGTTAAT
a3 NM_153522.2 &1 1160..1220 ACCGGCCCTITGTGAAGAC
NM_178227.4 a04. 854 TCTCCCGCCTCTTCAGTGACT
NM_001083817.1 a04. 854
B4 HM_001013300.2 a2 486,594 GACTCTCATCATCCTGGETGTG
CTTCTTCTCTCGGGTCTTCTICAG
HPRT NM_0135585 29 223 12 ATCATTATGCCGAGGATTTGGA
CCTTCATGACATCTCGAGCAAGT
Arbp NM_007475.5 2 820, 1062 GETGCCACACTCCATCATCA

CCGAATCCCATATCCTCATC

Prod (bp): amplicon size in base pairs; Pos: amplicon start and finish positions in NCBI Reference Sequence; Seq: targeted saquence, listed first
is the forward primer (f), sacond is the reverse primer (r).

Table 2. Primer efficiencies

Gene Wildtype Nf1+/—
Slope Efficiency Slope Efficiency

Nav1.1 —3.45+0.05 1.949+0.017 —3.43+0.04 1.859+0.015
Nav1.2 —3.49+0.04 1.934+0.015 —3.43+0.06 1.961+0.02.3
Nav1.3 —3.45+0.17 1.965+0.057 —3.37+0.05 1.984+0.021
Nav1.5 —3.49+0.10 1.941+0.037 —3.33+0.12 2.001+0.052
Nav1.6 —3.59+0.04 1.900+0.012 —3.56+0.04 1.811x0.012
Nav1.7 —3.52+0.02 1.925+0.007 —3.50+0.03 1.931+0.012
Nav1.8 —3.57+0.02 1.905+0.0086 —3.55+0.02 1.813=0.009
Nav1.9 —3.44+0.03 1.953+0.012 —3.44+0.03 1.954+0.011
B1 —3.45+0.01 1.945+0.003 —3.46+0.01 1.845+0.003
B2 —3.44+0.05 1.956+0.021 —3.51+0.03 1.939+0.008
B3 —3.37+0.05 1.983+0.023 —3.39+0.04 1.974=0.017
B4 —3.50+0.03 1.930+0.010 —3.43+0.08 1.957+0.021
HPRT —3.62+0.01 1.888+0.004 —3.62:0.01 1.888+=0.004
Arbp —3.46+0.02 1.947+0.008 —3.47+0.02 1.942+0.009

Values of Nav1.1-1.8, HPRT, Arbp represent means=SEM n=7 and 6 for wildtype and Nf1+/—, respectively; for Nav1.9 n=5 of each genotype

and for 184 n=4 of each genotype.

skeletal muscle (Trimmer et al., 1989) and Nav1.5 in the heart (Rogart et al., 1989). gPCR reactions were run in triplicate
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on an Applied Biosystems 7500 Fast Real-Time PCR System using MicroAmp® Fast 96-well reaction plates sealed with
MicroAmp® optical adhesive film. All reactions began with an initial cycle of 95° C for 10 min followed by 40 cycles of 95°
C for 15 s and 60° C for 1 min. Whenever possible , efficiencies for each primer pair were determined from the fitted
slope of three- to five-point standard curve over a four-log dilution as described in Pfaffl (2001). The regression fit was
considered to be acceptable when the r*>0.985, with most values well exceeding 0.990. Calculated efficiencies for all
primers are listed in Table 2. The specificity of these amplifications was verified by melt curve analysis with detection of
a single peak only and electrophoresis on a 2% agarose gel with detection of only a single band at the appropriate size.
In one case, qPCR for Arbp exhibited two peaks for the melt curves and these are believed to result from known splice
variants.

Data analysis

The quantification cycle (Cq) was chosen to be number of cycles when the value of normalized fluorescence generated
by SYBR green emission (ARn) attained 0.3. All individual Cq values are the means obtained from triplicate samples. To
determine the expression levels of sodium channel mRNA relative to either HPRT or Arbp, a calculation based on Pfaffl
(2001) was used. The relative expression ratio of sodium channel subtype to reference gene was defined by:

ACgNaChan(WT - Nf1+/- ACqRef; WT - Nf1+/-
R= (EffNaChan) anachan 14/ / (EffRefgene) aRefgenel f14/)

_ -1/slopeNaChan _ -1/slopeRefgene
EffNaChan =10 EffRefgene_ 10

where Effy.chan is the average efficiency of the qPCR for each individual sodium channel or B subunit obtained from the
wildtype and Nf1+/- genotypes; ACqNaChan is the difference in average Cq values measured for each individual sodium
channel subtype in the wildtype DRG minus that measured in the Nf1+/- DRG; Effgegene is the average efficiency of the
gPCR for either HPRT or Arbp obtained from the wildtype and Nf1+/- genotypes; ACqRefgene is the difference in the
average Cq values measured for either HPRT or Arbp in the wildtype DRG minus that measured in the Nf1+/- DRG. The
relative expression of the individual sodium channel and B subunit subtypes (Nf1+/- compared to wildtype) and the
statistical significance of that difference were determined by using the Relative Expression Software Tool wherein the
null hypothesis was tested by using a Pair Wise Fixed Reallocation Randomization Test©. The reader is referred to Pfaffl
et al. (2002) and REST 2009 (www.gene-quantification.de/rest-2009.html) for a detailed description of this analysis.
Values of P<0.05 were considered to be significantly different.

For determination of the distribution of sodium channels and the B subunits in wildtype and Nf1+/- mice, the Cq and
averaged reaction efficiency were used to estimate the number of copies of each gene as follows, number of copiesyachan
= Effyachan . The copy numbers for all a subunits were totaled for each animal, this sum then was used to determine the
percentage distribution for each a subunit according to the equation % Total = CopieSyachan / 2 COPi€Snachan 1.1-1.9

The mean percentage total was calculated for both wildtype and Nf1+/- mice (n=4). The same series of calculations was
performed for B subunits using their corresponding Cq and averaged values for reaction efficiencies.

KEY RESEARCH ACCOMPLISHMENTS:
e |n wildtype mice, Nav1.9 was the most abundant subtype with Nav1.7 and Nav1.8 the next most abundant
e Navl.1, Navl.3, Navl.7, and Nav1.8 were significantly elevated in DRG isolated from Nf1+/- mice
e Navl.2, Navl.5, Navl.6, and Nav1.9 were not significantly altered

Expression of the auxiliary beta subunits (B1-B4) was not different

REPORTABLE OUTCOMES:

This work was presented as an abstract/poster at the annual meeting of the Children’s Tumor foundation (June
2011) and was also be presented at the annual meeting of the Society for Neuroscience (November 2011). A
manuscript entitled “Dorsal root ganglia isolated from Nfl+/- mice exhibit increased levels of mRNA expression of
voltage-dependent sodium channels” is now in press for publication in the journal Neuroscience. In addition, these
outcomes will form the preliminary results for submission of an application to the National Institutes of Health to further
investigate the causal mechanisms whereby neurofibromin regulates the expression of sodium changes (e.g.
transcriptional factors) and how this relates to changes in pain threshold in NF1 patients. Personal supported by this
award were Dr. Grant Nicol, Dr. Cynthia Hingtgen, Dr. Xian Xuan Chi, and Ms. Kathryn Hodgdon.
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CONCLUSION:

In the DRG isolated from wildtype mice, the Nav1.9 subtype was the most abundant with Nav1.7 and Nav1.8
being the next most abundant subtypes. For the auxiliary B subunits, B1 was by far the most abundant subtype. The
mMRNA for the alpha subunits of the sodium channels Nav1.1, Nav1.3, Nav1.7, and Nav1.8 were significantly elevated in
DRG isolated from Nf1+/- mice. There were no significant changes in the relative expression levels of the auxiliary beta
subunits. These results suggest that increased expression levels of Nav1.7, Nav1.8, and perhaps Navl.1 in the Nfl+/-
DRG make the largest contribution to the increased sodium current density and thus give rise to the enhanced
excitability. Though the mechanisms by which many people with NF1 experience increased pain have not been
elucidated, these abnormal painful states may involve elevated expression of specific sodium channel subtypes in small
diameter nociceptive sensory neurons.

So what- Until we understand the basic causal mechanisms such as which particular sodium channel subtype is
altered in NF1 patients, therapeutic interventions are not possible. This work begins to provide an understanding which
can then be used to develop drugs or interventions directed at these targets whereby the enhanced sensitivity to painful
stimuli experienced by some patients with NF1 can be resolved.
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will appear in Neuroscience sometime in 2012.
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DORSAL ROOT GANGLIA ISOLATED FROM Nf1+/— MICE EXHIBIT
INCREASED LEVELS OF mRNA EXPRESSION OF VOLTAGE-

DEPENDENT SODIUM CHANNELS
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Abstract—We reported previously that sensory neurons iso-
lated from mice with a heterozygous mutation of the Nf1 gene
(Nf1+1/-) exhibited greater excitability and increased sodium
current densities compared with wildtype mice. This raises
the question as to whether the increased current density
resulted from post-translational modifications or increased
expression of sodium channels. Quantitative real-time poly-
merase chain reaction was used to measure expression lev-
els of the nine different voltage-gated sodium channel «
subunits and the four associated auxiliary g subunits in the
dorsal root ganglia (DRG) obtained from wildtype and Nf1+/—
mice. The Relative Expression Software Tool indicated that
Nav1.1, Nav1.3, Nav1.7, and Nav1.8 were significantly ele-
vated in DRG isolated from Nf1+/— mice. Expression of
Nav1.2, Nav1.5, Nav1.6, and Nav1.9 were not significantly
altered. The gene transcript for Nav1.4 was not detected.
There were no significant changes in the relative expression
levels of B subunits. The Nav1.9 subtype was the most abun-
dant with Nav1.7 and Nav1.8 being the next most abundant
subtypes, whereas Nav1.3 was relatively less abundant. For the
B subunits, B1 was by far the most abundant subtype. These
results demonstrate that the increased expression levels of
Nav1.7, Nav1.8, and perhaps Nav1.1 in the Nf1+/— DRG make
the largest contribution to the increased sodium current density
and thus give rise to the enhanced excitability. Though the
mechanisms by which many people with NF1 experience in-
creased pain have not been elucidated, these abnormal painful
states may involve elevated expression of specific sodium
channel subtypes in small diameter nociceptive sensory
neurons. © 2012 Published by Elsevier Ltd on behalf of IBRO.

Key words: neurofibromin, qPCR, sensory neuron.

Neurofibromatosis type 1 (NF1) is an autosomal dominant
disorder with an incidence of 1 in 3000 people and is
characterized by numerous abnormalities that include be-
nign neurofibromas, malignant peripheral tumors of the
nerve sheath, astrocytomas, bone deformities, and my-
eloid leukemias (Friedman, 1999). Some people with NF1
experience greater intensities of painful sensations to dif-
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Abbreviations: Arbp, acidic ribosomal protein P0O; Cq, quantification
cycle; DRG, dorsal root ganglion; HPRT, hypoxanthine-guanine phos-
phoribosyl transferase; PCR, polymerase chain reaction; gPCR, quan-
titative PCR; NF1, Neurofibromatosis type 1; TTX, tetrodotoxin.
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ferent stimuli, such as minor injuries, than those without
this genetic disorder (Créange et al., 1999; Wolkenstein et
al., 2001). NF1 is a consequence of a heterozygous mu-
tation of the NF1 gene (NF1+/-), which results in reduced
expression of functional neurofibromin, the product of the
NF1 gene. Neurofibromin is richly expressed in the ner-
vous system (Daston et al., 1992) and promotes hydrolysis
of Ras (Ras-GTP) to its inactive form (Ras-GDP) by serv-
ing as a GTPase activating protein (GAP). Mutations of
NF1 or the mouse ortholog Nf1 frequently result in en-
hanced basal and cytokine-stimulated Ras activity in many
cell types, including sensory neurons (Largaespada et al.,
1996; Vogel et al., 1995; Zhang et al., 1998; Lau et al,,
2000). Increased Ras activity may influence protein ex-
pression levels. For example, expression of a GAP-resis-
tant Ras in AtT20 cells induced expression of a potassium
channel that greatly shortened the duration of the action
potential and led to repetitive action potential firing (Hem-
mick et al., 1992). Similarly, Ras transformation of a fibro-
blast cell line lead to the expression of a Ca®"-dependent
potassium current that was not detected in non-transformed
cells (Rane, 1991). These studies suggest that the heterozy-
gous deletion of neurofibromin and altered Ras signaling can
play a critical role in regulating the expression of ion channels
that set the level of neuronal excitability.

We reported previously that small diameter, capsaicin-
sensitive sensory neurons isolated from Nff+/— mice ex-
hibited augmented excitability (Wang et al., 2005) and that
this enhanced excitability was likely the result of increased
sodium current densities (Wang et al.,, 2010). Voltage-
dependent sodium currents are critical in producing the
upstroke of the action potential, which is the key compo-
nent of neural communication. Molecularly, the a subunits
of mammalian sodium channels have been categorized
into one family consisting of nine different subtypes
(Nav1.1-Nav1.9) (Goldin, 2001; Catterall et al., 2005).
Pharmacologically, sodium channels have been classified
according to their sensitivity to the blocker tetrodotoxin
(TTX) wherein the currents conducted by Nav1.1-1.4, 1.6,
and 1.7 are completely blocked, whereas the currents carried
by Nav1.5, Nav1.8, and Nav1.9 are resistant or insensitive to
inhibition by the toxin. The TTX-sensitive sodium currents
exhibit both rapid activation and inactivation properties,
whereas the TTX-resistant subtypes activate and inactivate
more slowly. The properties of these different subtypes of
sodium channels have been reviewed recently (Goldin, 2001;
Catterall et al., 2005; Dib-Hajj et al., 2010). Associated with
the a subunits are the modulatory 8 subunits of which four
different subtypes exist (31—34). The B subunits modulate
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the amplitude and kinetics of the currents conducted by the «
subunits and also influence the trafficking and expression of
the « subunits (reviewed by Isom, 2001; Patino and Isom,
2010). To determine the possible mechanisms giving rise to
the augmented neuronal firing and sodium current density in
Nf1+/— sensory neurons, the relative expression levels of
mRNA for the « subtypes and B subunits of voltage-gated
sodium channels were determined in wildtype and Nf1+/—
neurons of the dorsal root ganglion (DRG). Consistent with
our physiological observations, DRG obtained from Nf1+/—
mice exhibited increased levels for some but not all « sub-
units, whereas the 8 subunits were not altered.

EXPERIMENTAL PROCEDURES
Animals

Mice heterozygous for the Nff mutation on a background of
C57BL/6J were originally developed by Dr. Tyler Jacks (Jacks et
al., 1994). All animals were housed, bred, and had free access to
food and water in the Indiana University Laboratory Animal Re-
search Center and were used in accordance with National Institute
of Health Guide for Care and Use of Laboratory Animals (National
Institutes of Health Publications No. 80-23, revised 1996). These
procedures were designed to minimize the number and suffering
of the animals. All procedures were approved by the Animal Use
and Care Committee of the Indiana University School of Medicine.

Isolation of the dorsal root ganglia

The DRG were isolated from young adult C57BL6J mice (2-3
months old). The wildtype and Nf7+/— mice used in these studies
were littermates. Briefly, mice were killed by placing them in a CO,
chamber, and the spinal column was removed. Lumbar, cervical, and
thoracic DRG were collected and trimmed in cold, sterilized Puck’s
solution composed of (in mM): 171 NaCl, 6.7 KCI, 1.6 Na,PO,, 0.5
KH,PQO,, 6 d-glucose, and 0.01% phenol red, pH 7.3. The ganglia
were then transferred to a conical tube and washed with sterilized
PBS. Tissues were stored at —80 °C and used within two weeks.

Real-time quantitative PCR (qPCR)

Total RNA was extracted from DRG tissue using the RNeasy®
Plus Minikit (Qiagen, Valencia, CA, USA) and assessed on a
NanoDrop ND-1000 Spectrophotometer (Thermoscientific, Frank-
lin, MA, USA) for concentration (A,s,) and purity by OD ratios
(AL60/ALs0, ranging between 2.0 and 2.2). Following treatment with
DNase | (Invitrogen, Carlsbad, CA, USA) to eliminate any residual
genomic DNA, 1 ng RNA was reversed transcribed using the
iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) in 20 ul
reactions according to the manufacturer’s instructions. To assess
the specificity of these reactions, no reverse transcriptase (RT)
and no template controls also were generated. cDNA was stored
at —20 °C before polymerase chain reaction (PCR) detection.
Reverse transcription products were diluted and amplified in 25 ul
reactions using Power SYBR® Green PCR Master Mix (Applied
Biosystems, Carlsbad, CA, USA) and 500 nM forward and reverse
primers (Invitrogen). Sodium channel primers were designed spe-
cifically against mouse transcripts using PrimerExpress® software
v3.0 (Applied Biosystems) and were based on a previous publi-
cation (Wang et al., 2008) describing PCR amplification of mRNA
for voltage-dependent sodium channels in rat DRG. Hypoxan-
thine-guanine phosphoribosyl transferase (HPRT) and acidic ribo-
somal protein PO (Arbp) were selected as reference genes for
normalization of the gPCR results. The accession number(s),
amplicon size and position, and primer sequences for all genes
targeted in this study are shown in Table 1. Primers were initially

tested in tissues known to express the targeted sodium channel
subtype, for example, Nav1.4 was detected in skeletal muscle (Trim-
mer et al., 1989) and Nav1.5 in the heart (Rogart et al., 1989). gPCR
reactions were run in triplicate on an Applied Biosystems 7500 Fast
Real-time PCR System using MicroAmp® Fast 96-well reaction
plates sealed with MicroAmp® optical adhesive film. All reactions
began with an initial cycle of 95 °C for 10 min followed by 40 cycles
of 95 °C for 15 s and 60 °C for 1 min. Whenever possible, efficiencies
for each primer pair were determined from the fitted slope of three- to
five-point standard curve over a four-log dilution as described in Pfaffl
(2001). The regression fit was considered to be acceptable when the
r?>0.985, with most values well exceeding 0.990. Calculated effi-
ciencies for all primers are listed in Table 2. The specificity of these
amplifications was verified by melt curve analysis with detection of a
single peak only and electrophoresis on a 2% agarose gel with
detection of only a single band at the appropriate size. In one case,
qPCR for Arbp exhibited two peaks for the melt curves, and these are
believed to result from known splice variants.

Data analysis

The quantification cycle (Cq) was chosen to be number of cycles
when the value of normalized fluorescence generated by SYBR
Green emission (ARn) attained 0.3. All individual Cq values are
the means obtained from triplicate samples. To determine the
expression levels of sodium channel mRNA relative to either
HPRT or Arbp, a calculation based on Pfaffl (2001) was used. The
relative expression ratio of sodium channel subtype to reference
gene was defined by:

— ACqNaChan(WT —Nfl+/— ACqRefgene(WT —Nfl+/—
R - (EﬁNaChan) q ( )/(EffRefgene) anelg ( )
— —1/%lopeNaChan — —1&lopeRefgene
EffNaChan - 10 P ’ EﬁRefgene - 10 s 9

where Effy,chan iS the average efficiency of the gPCR for each
individual sodium channel or 8 subunit obtained from the wildtype
and Nf1+/— genotypes; ACqgNaChan is the difference in average
Cq values measured for each individual sodium channel subtype
in the wildtype DRG minus that measured in the Nf1+/—DRG;
Effrefgene iS the average efficiency of the qPCR for either HPRT or
Arbp obtained from the wildtype and Nf1+/— genotypes;
ACqgRefgene is the difference in the average Cq values measured
for either HPRT or Arbp in the wildtype DRG minus that measured
in the Nf1+/—DRG. The relative expression of the individual so-
dium channel and B subunit subtypes (Nff+/— compared with
wildtype) and the statistical significance of that difference were
determined by using the Relative Expression Software Tool
(REST) wherein the null hypothesis was tested by using a Pair
Wise Fixed Reallocation Randomization Test©. The reader is
referred to Pfaffl et al. (2002) and REST 2009 (http://www.gene-
quantification.de/rest-2009.html) for a detailed description of this
analysis. Values of P<0.05 were considered to be significantly
different.

For determination of the distribution of sodium channels and
the B subunits in wildtype and Nf1+/— mice, the Cq and averaged
reaction efficiency were used to estimate the number of copies of
each gene as follows, number of copiesy,chan=Effnachan - The
copy numbers for all « subunits were totaled for each animal, this
sum then was used to determine the percentage distribution for
each a subunit according to the equation % total=Copiesyachan/
3 Copiesnachan 1.1-1.9-

The mean percentage total was calculated for both wildtype
and Nff+/— mice (n=4). The same series of calculations was
performed for B subunits using their corresponding Cq and aver-
aged values for reaction efficiencies.

RESULTS

Our previous studies indicated that sensory neurons iso-
lated from Nff1+/— mice exhibited increased excitability
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Gene Accession no. Prod (bp) Pos Seq (65'-3')
Nav1.1 NM_018733.2 123 4465..4587 f-CATGTATGCTGCAGTTGATTCCA
r-AACAGGTTCAGGGTAAAGAAGG
Nav1.2 NM_001099298.2 82 2992..3073 GCCTTGCTCCTCAGTTCTTTCA
CGGCTATCTGGAGGTTGTTCA
Nav1.3 NM_018732.3 95 4153..4247 GGTGTGCCTCATCTTCTGGTTAA
TGCTGCCCGTTGTCATGTTA
Nav1.4 NM_133199.2 94 391..484 CGCGCTGTTCAGCATGTT
CTCCACGTCCTTGGACCAAG
Nav1.5 NM_021544.3 83 1142..1224 ACCTCAATGACCCAGCCAATTA
TGTCCCGGCATCAGAGCT
Nav1.6 NM_001077499.1 115 6191..6305 CGTGACACGGTTGCATCCT
NM_011323.2 6130..6244 ACCGAGTGTGGAACATGCAGTA
Nav1.7 NM_018852.2 106 4360..4465 CCTTGGCCCCATTAAATCTCT
TGCTCCTATGAGTGCGTTGAC
Nav1.8 NM_009134.2 81 1342..1422 TTGACACAACCTCGCTCTATTCC
ATTTCACCCTGGGTCTTCTCTCA
Nav1.9 NM_011887 81 4372..4481 CTTCAGGATTGTCCGCTTGG
AGAGAGAGGGGAGAGACATCATCA
B1 NM_011322 67 583..649 CACTCTGGCGACTACGAATGTC
TGGTGTTGTGCTCATAATTATCAA
B2 NM_001014761 132 299..430 ACCTTCAACTCCTGCTACACCG
CCGCTCCAGCTTCAGGTTAAT
B3 NM_153522.2 61 1169..1229 ACCGGCCCTTTGTGAAGAC
NM_178227.4 804..864 TCTCCCGCCTCTTCAGTGACT
NM_001083917.1 804..864
p4 NM_001013390.2 82 486..594 GACTCTCATCATCCTGGCTGTG
CTTCTTCTCTCGGGTCTTCTTCAG
HPRT NM_013556 89 223..312 ATCATTATGCCGAGGATTTGGA
CCTTCATGACATCTCGAGCAAGT
Arbp NM_007475.5 234 829..1062 GGTGCCACACTCCATCATCA
CCGAATCCCATATCCTCATC

Prod (bp): amplicon size in base pairs; Pos: amplicon start and finish positions in NCBI Reference Sequence; Seq: targeted sequence, listed first
is the forward primer (f), second is the reverse primer (r).

that resulted from elevated levels of voltage-dependent
sodium currents (Wang et al., 2005, 2010). To determine if
the augmented sodium currents were a consequence of

Table 2. Primer efficiencies

increased expression of sodium channel mMRNA, quantita-
tive PCR was performed using DRG isolated from wildtype
and Nff+/— mice. The average Cq values obtained for

Gene Wildtype Nf1+/—
Slope Efficiency Slope Efficiency

Nav1.1 —3.45+0.05 1.949+0.017 —3.43+0.04 1.959+0.015
Nav1.2 —3.49+0.04 1.934+0.015 —3.43+0.06 1.961+0.02.3
Nav1.3 —3.45+0.17 1.965+0.057 —3.37+0.05 1.984+0.021
Nav1.5 —3.49+0.10 1.941+0.037 —3.3320.12 2.001+0.052
Nav1.6 —3.59+0.04 1.900+0.012 —3.56+0.04 1.911+0.012
Nav1.7 —3.52+0.02 1.925+0.007 —3.50+0.03 1.931+0.012
Nav1.8 —3.57+0.02 1.905+0.006 —3.55+0.02 1.913+0.009
Nav1.9 —3.44+0.03 1.953+0.012 —3.44+0.03 1.954+0.011
B1 —3.45+0.01 1.948+0.003 —3.46+0.01 1.945+0.003
B2 —3.44%0.05 1.956+0.021 -3.51+0.03 1.939+0.008
B3 —3.37+0.05 1.983+0.023 —3.39+0.04 1.974+0.017
B4 —3.50+0.03 1.930+0.010 —3.43+0.06 1.957+0.021
HPRT —3.62+0.01 1.888+0.004 —3.62+0.01 1.888+0.004
Arbp —3.46+0.02 1.947+0.008 —3.47+0.02 1.942+0.009

Values of Nav1.1-1.8, HPRT, Arbp represent means+SEM n=7 and 6 for wildtype and Nff1+/—, respectively; for Nav1.9 n=5 of each genotype
and for B1-B4 n=4 of each genotype.
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Table 3. Cq values

Gene Wildtype Nf1+/—

Nav1.1 27.44+0.48 26.95+0.10
Nav1.2 31.38+0.37 31.07+0.13
Nav1.3 33.07+0.62 32.32+0.09
Nav1.5 31.71+0.45 31.24+0.20
Nav1.6 27.54+0.44 27.12+0.26
Nav1.7 26.58+0.53 25.94+0.14
Nav1.8 26.30+0.43 25.83+0.19
Nav1.9 23.63+0.34 23.93+0.15
B1 24.37+0.26 24.55+0.15
B2 28.37+0.34 28.24+0.17
B3 26.75+0.28 26.95+0.08
B4 26.48+0.33 26.34+0.24
HPRT 24.79+0.29 24.66+0.20
Arbp 21.36+0.12 21.31+0.19

Values of Nav1.1-1.8, HPRT, Arbp represent means=SEM n=7
and 6 for wildtype and Nf1+/—, respectively; for Nav1.9 n=5 of each
genotype and for B1—B4 n=4 of each genotype.

eight of the nine different voltage-dependent « subunits
and the four auxiliary B subunits are summarized in Table
3. The Cq values indicate that in wildtype mice Nav1.9
(23.630.34, n=5 mice) was the most abundant channel
subtype with Nav1.7 (26.58+0.53, n=7 mice) and Nav1.8
(26.300.43, n=7 mice) being the next most abundant
subtypes, whereas Nav1.3 was less abundant (33.07+
0.62, n=7 mice). For the B subunits, B1 was by far the
most abundant subtype and B2 the least abundant. The
gene transcripts for Nav1.4 were not detected in the DRG,
consistent with previous observations that the expression
of Nav1.4 is limited to skeletal muscle (Trimmer et al.,
1989). The primers used in our study were capable of
detecting Nav1.4 in mRNA isolated from mouse skeletal
muscle (Cq=26.25+0.05, data not shown).

To assess whether there were differences in the
mRNA levels for these sodium channels between the two
genotypes, the expression of sodium channel subtypes
was normalized to two reference genes, HPRT and Arbp.
The relative differences in channel expression were deter-
mined by using a method described by Pfaffl (2001)
wherein the Cq values are corrected by accounting for the
efficiency of the PCR for both the targeted and reference
genes. The relative expression for the «a subunits of so-
dium channel subtypes determined in the Nff+/— mice
compared with the wildtype is summarized in Fig. 1A. An
analysis using the REST protocol indicated that Nav1.1
(1.67-fold), Nav1.3 (2.04-fold), Nav1.7 (1.87-fold), and
Nav1.8 (1.48-fold) were elevated significantly (P<<0.05) in
the DRG isolated from Nf71+/— mice compared with the
wildtype. The expression of Nav1.2 (1.27-fold), Nav1.5
(1.52-fold), Nav1.6 (1.42-fold), and Nav1.9 (0.65-fold)
were not significantly altered. In addition, as summarized
in Fig. 1B, there were no significant differences in the
relative expression of 8 subunits. These results demon-
strate that the expression of some sodium channel sub-
types is increased in Nff+/— mice and therefore could
account for the elevated excitability and sodium current
densities recorded from Nf1+/— neurons.

This observation raises the question as to whether
there are changes in the contribution of individual sodium
channel subtypes to the total mMRNA pool in these geno-
types that could account for the elevated sodium current
densities in the Nf1+/— sensory neurons. The fractional
contribution of each channel subtype to the total mRNA
copy number is illustrated in Fig. 2. The results were
obtained from four mice of each genotype wherein gPCR
was performed for Nav1.1—-Nav1.9 and B1-34. The copy
number (Eff~©9) for each channel was calculated, and the
total value was determined for each mouse. The average
copy number for each channel subtype was determined for
the four mice of each genotype. The fractional contribution
of each channel subtype was then assessed by dividing
the average copy number for each channel by the average
total. Overall, there was not a significant difference be-
tween the genotypes in the fractional contribution of a
particular channel subtype to the total sodium channel
mRNA (Fig. 2A). However, based on the average values,
there is a trend toward higher fractional levels of Nav1.6,
Nav1.7, and Nav1.8 in the Nf1+/—DRG compared with the
wildtype. The largest contributors to the total MRNA were the
TTX-resistant sodium channels Nav1.9 (42.9 and 43.1% in
the wildtype and Nff+/— neurons, respectively) and Nav1.8
(16.0 and 21.3% in the wildtype and Nf1+/— neurons, re-
spectively). Of the TTX-sensitive sodium channels Nav1.6
(8.1 and 10.8% in the wildtype and Nf1+/— neurons, respec-
tively) and Nav1.7 (11.2 and 15.3% in the wildtype and
Nf1+/— neurons, respectively) made the largest contribution.
Nav1.2, Nav1.3, and Nav1.5 made only a small contribution
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Fig. 1. mRNA expression of some sodium channel subtypes is ele-
vated in the DRG of Nff+/— mice compared with wildtype mice. Panel
(A) represents the relative expression levels for eight of the nine
sodium channel subtypes relative to the reference genes HPRT and
Arbp obtained with the REST analysis protocol. The expression of
Nav1.1, Nav1.3, Nav1.7, and Nav1.8 were significantly increased
(P<0.05) in the Nf1+/—DRG compared with the wildtype DRG. Panel
(B) illustrates the relative expression levels for the auxiliary B subunits
relative to HPRT and Arbp. The asterisks indicate a statistical differ-
ence (P<0.05) using the Relative Expression Software Tool (REST,
2009).
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Fig. 2. The fractional contributions of individual sodium channel sub-
types to the total mMRNA are not different between Nf1+/— and wild-
type DRG. Panel (A) shows that percentage contribution of each «
subtype to the total number of sodium channel copies. There appears
to be a trend toward higher levels of Nav1.1, Nav1.6, Nav1.7, and
Nav1.8 in the Nf1+/—DRG. Panel (B) shows that percentage contri-
bution of each B subunit to the total number of 3 copies with a trend
toward less p4 in the Nf1+/—DRG.

(<1%) and are shown in the inset of Fig. 2A. Of the B
subunits, 81 comprised more than 60% of the total mMRNA for
these auxiliary subunits in both wildtype and Nff+/— sensory
neurons (see Fig. 2B). There is a trend toward a higher
fractional contribution of 81 in the Nf1+/—DRG (68.3%) com-
pared with the wildtype DRG (62.3%) and a lower fractional
contribution of B4 in the Nf1+/—DRG (15.4%) compared with
the wild-type DRG (24.9%). Therefore, these results demon-
strate that despite an increase in the overall expression of
Nav1.1, Nav1.3, Nav1.7, and Nav1.8, the patterns of pre-
dominance remain similar between genotypes. This supports
the change in excitability that we have observed previously
(Wang et al., 2005, 2010), but suggests that a change in the
phenotype of the sensory neuron, for example to a more
TTX-sensitive form, does not occur.

DISCUSSION

The results reported here indicate that expression of the
sodium channel subtypes Nav1.1, Nav1.3, Nav1.7, and

Nav1.8 were elevated significantly in the DRG isolated
from Nf1+/— mice compared with wildtype mice. Similar
values for the increases in these channel subtypes were
observed using either reference gene, HPRT or Arbp,
indicating the stability of these genes for the normalization
of channel expression. The elevated levels of sodium
channel mRNA are consistent with our previous reports
that sensory neurons isolated from the DRG of Nff+/—
mice generated twofold more action potentials in response
to the same level of current stimulation (Wang et al., 2005)
and that the sodium current density for both TTX-sensitive
and TTX-resistant currents was significantly elevated in
the Nf1+/— sensory neurons (Wang et al., 2010). Further-
more, expression levels of the B subunits were measured
as these subunits modulate the amplitude and kinetics of
the currents conducted by the « subunits and can also
influence the trafficking and surface density of the « sub-
units (reviewed by Isom, 2001; Patino and Isom, 2010).
However, there were no differences in the expression lev-
els of the auxiliary B subunits between the two genotypes
suggesting that altered B subunit expression does not
contribute to the increased sodium current densities in
Nf1+/— sensory neurons.

The neurons of the DRG are a heterogeneous popu-
lation and are activated by a variety of sensory modalities.
The reader is referred to the following reviews regarding
expression, biophysical properties, and physiological im-
pact of voltage-dependent sodium channels (Black et al.,
1996; Catterall et al., 2005; Rush et al., 2007; Cummins et
al., 2007; Fukuoka et al., 2008; Docherty and Farmer,
2009; Dib-Hajj et al., 2010). Generally speaking, these
neurons are classified into three groups based on cell body
diameter and their corresponding conduction velocities
(Harper and Lawson, 1985a,b; Lawson, 2002). Small di-
ameter neurons (<25 um) give rise to unmyelinated C-fi-
bers, which have slow conduction velocities (<1.4 m/s),
medium diameter neurons (25-40 um) give rise to lightly
myelinated Ad fibers having faster conduction velocities
(2—8 m/s), and large diameter neurons (>40 um) give rise
to more heavily myelinated Aa/g fibers that have conduc-
tion velocities >14 m/s (Harper and Lawson, 1985a,b;
Lawson, 2002). Previous studies (Black et al., 1996; Cum-
mins et al.,, 2007; Fukuoka et al., 2008; Docherty and
Farmer, 2009; Dib-Hajj et al., 2010) have shown that sen-
sory neurons in the rat DRG express the TTX-sensitive
sodium channels Nav1.1, Nav1.2, Nav1.3, Nav1.6, and
Nav1.7 as well as the TTX-resistant channels Nav1.5,
Nav1.8, and Nav1.9. Nav1.1 and Nav1.6 are preferentially
expressed in large diameter (>50 wm) sensory neurons,
although these subtypes are expressed at low levels in
small and medium diameter sensory neurons. Nav1.2 and
Nav1.5 appear to be expressed at low levels in nociceptive
small diameter (<25 wm) sensory neurons. The small
diameter neurons are of particular interest as they are
often the predominant cell type involved in painful or noci-
ceptive signaling. It is important to consider that some
portion of the total expression for individual sodium chan-
nel subtypes may be contributed from glia localized in
DRG as previous studies have documented expression of
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sodium channels in both astrocytes and microglia (Bevan
etal., 1985; Waxman et al., 1993; Black et al., 2009, 2010).

Our observations are consistent with recent reports
examining the expression of sodium channel subtypes in
rat sensory neurons. Using mRNA isolated from rat L4/5
DRG, Berta et al. (2008) found that Nav1.7 was the most
abundant transcript, Nav1.8 and Nav1.6 were about half
the levels of Nav1.7 and Nav1.1 was slightly less than
Nav1.6. The levels of Nav1.2, Nav1.3, and Nav1.9 were
much lower and Nav1.5 was undetected. For the 8 sub-
units, B1 and B4 were about equal, whereas B3 and 2
were much less expressed. The expression profiles of
Nav1.9 and the B subunits are different than what we
report in mouse sensory neurons; however, we obtained
mRNA from L4/5 as well as more rostral DRG. In sensory
neurons isolated from the L4/5 DRG of adult rats and
grown in culture for <30 h, Nav1.7 exhibited the highest
level of expression with Nav1.8 and Nav1.1 being the next
most abundant, Nav1.2, Nav1.3, and Nav1.6 were sub-
stantially less (Wang et al., 2008). The level of Nav1.9 was
quite low in the isolated neurons, although Nav1.9 was
comparable with Nav1.8 in the intact whole DRG, which is
in contrast to the findings reported by Berta et al. Nav1.4
and Nav1.5 were not detected by these authors. In elec-
trophysiologically characterized rat sensory neurons that
underwent single cell qPCR (Ho and O’Leary, 2011),
Nav1.7, Nav1.8, and Nav1.9 were the most prominently
expressed subtypes in small diameter (<25 uwm) sensory
neurons, although Nav1.1, Nav1.2, and Nav1.6 were de-
tected at lower levels. In large diameter (>30 wm) neu-
rons, Nav1.7 was the most abundant followed by Nav1.6
and Nav1.1, with only low levels of Nav1.2 and Nav1.9
detected. A surprisingly high expression of Nav1.8 was
exhibited by a subpopulation of large neurons. Nav1.5 was
detected in approximately 14% of the neurons examined
(Ho and O’Leary, 2011). In contrast to findings obtained in
rat DRG, we found that the fractional expression of Nav1.9
was the highest of all the « subunits in the mouse DRG.
Previous results indicated that Nav1.9 was expressed in
only ~50% of rat unmyelinated C-fibers (Amaya et al.,
2000; Fukuoka et al., 2008). However, using the average
number of MRNA copies measured in single sensory neu-
rons isolated from rat DRG as reported by Ho and O’Leary
(2011), the fractional expression of Nav1.9 in small diam-
eter (<25 um) neurons was ~35% of the total (n=70
neurons), whereas in the large diameter (>30 um) it was
only ~5% (n=69 neurons) (O’Leary, personal communi-
cation). In addition, in whole isolated rat ganglia, Nav1.9
comprised ~28+2% of the total MRNA (n=4 ganglia) and
is similar to our value for Nav1.9 making up ~40% of the
total MRNA (O’Leary, personal communication). The exact
origins for the differences reported in the literature are
presently unknown. To our knowledge, our study is the first
to quantitatively determine the expression levels for Nav
subunits in mouse DRG; hence, one possibility for the
larger expression of Nav1.9 mRNA is a species difference
between rat and mouse. It is also possible that in the
mouse DRG there may be large amounts of Nav1.9 mRNA

held in reserve for translational upon metabolic demands or
after neuronal injury. This is a subject for further investigation.

Nav1.7 is the predominant TTX-sensitive sodium chan-
nel expressed in small diameter neurons where it may play
an important role in action potential firing. The slowly de-
veloping inactivation properties of Nav1.7 promote action
potential generation in response to slow depolarizing stim-
uli (Cummins et al., 1998). Therefore, it is likely that the
near twofold increase in Nav1.7 expression seen in the
Nf1+/— neurons would play a significant role in mediating
the increased sodium current density and increased excit-
ability that we have observed in the Nff+/— sensory neu-
rons compared with those from wildtype mice (Wang et al.,
2005, 2010). Although Nav1.7 appears to be the highest
expressed TTX-sensitive a subunit based on mRNA levels
in small diameter sensory neurons, the amplitude of com-
pound action potentials measured from sciatic C-fibers in
Scn8 med mice (Nav1.6 knock-out) was diminished, sug-
gesting that Nav1.6 does contribute to action potential
generation in these unmyelinated fibers (Black et al,
2002). Nav1.8 and Nav1.9 are the predominant TTX-resis-
tant channels in small diameter neurons wherein Nav1.8 is
thought to contribute to setting the firing threshold and
regulating the upstroke of the action potential (Rengana-
than et al., 2001; Blair and Bean, 2002), whereas Nav1.9
may give rise to a persistent sodium current that influences
excitability as well as in setting the resting membrane
potential (Cummins et al., 1999; Herzog et al., 2001; Baker
et al., 2003). However, at the normal resting potential of
sensory neurons (around —60 mV), Nav1.9 is 97% inacti-
vated by ultra-slow inactivation such that this channel sub-
type may contribute little, if any, to the normal excitability of
these neurons (Cummins et al., 1999). Of the TTX-resis-
tant channels in sensory neurons, expression of Nav1.8
was significantly elevated in the Nff+/—DRG compared
with wildtype, suggesting that an increase in this channel is
responsible for a component of the increased excitability of
Nf1+/— sensory neurons at resting membrane potentials.
TTX-resistant subtypes have been detected in large diam-
eter neurons; however, the functional role of these chan-
nels in the physiological response of large diameter neu-
rons is not presently understood. Interestingly, Nav1.3 is
expressed in embryonic sensory neurons and then in
adulthood this subtype is greatly diminished (Waxman et
al., 1994; Dib-Hajj et al., 1996; Felts et al., 1997). After
nerve injury Nav1.3 is re-expressed and may contribute to
the increased excitability observed after injury (Cummins
and Waxman, 1997; Cummins et al., 2001). Based on this,
it is possible that the enhanced excitability and TTX-sen-
sitive sodium current density observed in Nf1+/— sensory
neurons could result from the increased expression of
Nav1.3; however, this seems unlikely because Nav1.3
makes up only a small fraction of the total complement of
sodium channel (Fig. 2A). Despite the significant increases
in the dominant channels, Nav1.7 and 1.8, are much more
likely to be driving the changes in sodium current densities
and excitability observed in Nff+/— sensory neurons. Be-
cause gain of function mutations or increased expression
of Nav1.7 or increased expression of Nav1.8 are associ-
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ated with increased pain in humans (Jarecki et al., 2008,
2010; Cregg et al., 2010; Dib-Hajj et al., 2010), increases
in the expression of these channels in those with NF1 may
play a role in the increased intensity of sensory symptoms
experienced by some with this disorder. The causal mech-
anisms that give rise to changes in sodium channel gene
expression in the context of reduced neurofibromin and the
corresponding chronic enhancement of Ras activity are
unexplored. Acute inhibition of Ras activation by the Ras
blocking antibody, Y13-259, did not restore the increased
excitability of Nf1+/— sensory neurons (Duan et al., 2011)
back to levels observed in wildtype sensory neurons. This
result indicates that it is the long-term reduction in neuro-
fibromin, through increased Ras signaling that is respon-
sible for the increased sodium channel expression and
excitability in Nff+/— sensory neurons. As inhibition of
Ras did not recapitulate the lower levels of neuronal excit-
ability observed in wildtype neurons, this would suggest
that acute post-translational modifications of Nav do not
contribute to the increased sodium current densities; how-
ever, it is possible that other cellular mechanisms down-
stream of Ras may regulate membrane currents. These
potential mechanisms remain an area of active investiga-
tion. Although the origins by which NF1 causes enhanced
painful sensation have not been elucidated, it is likely that
these abnormal painful states involve the sensitization of
small diameter nociceptive sensory neurons and may un-
derlie the onset of enhanced painful sensation in people
with NF1.

In conclusion, in the DRG isolated from wildtype mice,
the Nav1.9 subtype was the most abundant with Nav1.7
and Nav1.8 being the next most abundant subtypes. For
the auxiliary g subunits, 81 was by far the most abundant
subtype. The mRNA for the « subunits of the sodium
channels Nav1.1, Nav1.3, Nav1.7, and Nav1.8 were sig-
nificantly elevated in DRG isolated from Nf1+/— mice.
There were no significant changes in the relative expres-
sion levels of the auxiliary B subunits. These results sug-
gest that increased expression levels of Nav1.7, Nav1.8,
and perhaps Nav1.1 in the Nf1+/—DRG make the largest
contribution to the increased sodium current density and
thus give rise to the enhanced excitability.
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